indicate that CLP induced a prolonged suppression of inflammatory responses both in the lung and systemically, as defined by bone marrow-derived PMN dysfunction.
Introduction
Sepsis is a life-threatening illness resulting in significant morbidity and an estimated mortality of 20-40% [1] . Early studies have suggested that the mortality associated with sepsis is due primarily to the robust activation of leukocytes, the overproduction of inflammatory mediators, and the resulting tissue damage and multiorgan failure (i.e. the cytokine storm) [2] . However, therapeutics targeting the inflammatory response have not resulted in significant survival benefits. There are currently no FDA-approved drugs to improve the clinical outcome of sepsis. Due to improvements in supportive care, most patients now survive the acute septic episode. However, mortality is frequently attributed to subsequent opportunistic infections, often of nosocomial origin [3] . Survivors of sepsis show an increased mortality and a reduced quality of life weeks, months, and years after resolution of the acute condition [4] . The etiology of these long-term effects remains unknown, and there are numerous infectious and noninfectious conditions that are associated with a decreased life expectancy after 'recovery' from sepsis. Opportunistic infections (often respiratory) are frequently found in survivors of sepsis [5] , which would suggest a sepsis-induced immune system dysfunction. Indeed, rodent models of Aspergillus fumigatus and Pseudomonas aeruginosa respiratory infection following cecal ligation and puncture (CLP) sepsis have showed that mice were at a higher risk for persistent infection and death compared to nonseptic mice [5] [6] [7] . Our lab has described polymorphonuclear neutrophil (PMN) dysfunction during sepsis, including defects in cytokine production and the respiratory burst which were dependent on the complement activation product C5a [8] [9] [10] . Furthermore, reports have indicated that sepsis alters myelopoiesis [11] , reduces monocyte HLA-DR expression and antigen presentation [12, 13] , reduces proinflammatory cytokine production [14] , and enhances anti-inflammatory interleukin (IL)-10 production [14] . However, these reports have focused on time points relatively early (up to 24 h) after the induction of sepsis. It is not clear whether these defects are sustained in the days and weeks following sepsis.
Acute lung injury (ALI) is characterized by the production of proinflammatory mediators such as complement activation products, cytokines, and chemokines and the accumulation of PMNs in the lung. Disruption of the blood-alveolar barrier due to vascular endothelial and alveolar epithelial cell damage/death, in concert with a reduced ability to clear alveolar fluid, results in pulmonary edema and lung consolidation, intrapulmonary hemorrhage, and a severely impaired gas exchange [reviewed in 15 ]. The experimental model of ALI generated by the distal airway deposition of IgG immune complexes (IC) is primarily dependent on the innate immune response, characterized by neutrophilic alveolitis, and mimics many parameters of human ALI [reviewed in 16 ] .
In this report, we develop a 'two-hit' model of lowgrade CLP-induced sepsis (20% mortality after 7 days) followed by the induction of ALI after airway deposition of IgG IC in order to investigate prolonged sepsis-induced suppression of the innate inflammatory response in the lung. This model has several advantages for investigating innate inflammatory responses following CLP. First, low-grade CLP reflects the survival rate of the human sepsis. Second, the use of an IgG IC ALI model in lieu of microbial products [e.g. lipopolysaccharides (LPS)] avoids complications of data interpretation arising from issues such as Toll-like receptor tolerance induced by the first 'hit'. Finally, the use of IgG IC instead of infectious agents allows direct investigation of localized lung inflammation since there is no systemic dissemination of pathogens causing widespread cell activation. Using this model, we describe prolonged suppression of the innate inflammatory response in the lung following CLP, which includes alterations in both PMN and alveolar macrophage function. This phenomenon was not observed in endotoxemic mice.
Materials and Methods

Animals
All procedures were performed in accordance with US National Institutes of Health guidelines and were approved by the University of Michigan Committee on the Use and Care of Animals. Male, age-matched (8-9 weeks old) C57BL/6 mice were purchased from the Jackson Laboratories (Bar Harbor, Me., USA). RAG-1 -/-mice were on the C57BL/6 background (Jackson Laboratories). All animals were housed under specific pathogen-free conditions with free access to food and water.
CLP and Endotoxemia
Low-grade CLP was used for this study, as described previously [17] . Briefly, following anesthesia with ketamine and xylazine, the cecum was exposed, ligated (5-7 mm), and punctured through and through using a 21-gauge needle. A small amount of intestinal content was extruded to ensure the patency of the puncture. The cecum was repositioned and the abdominal cavity was closed in layers with simple stiches using Prolene 5-0 (Ethicon, Somerville, N.J., USA). Sham animals underwent the same procedure without ligation and puncture. Mice were rendered endotoxemic by i.p. administration of LPS ( Escherichia coli o111:B4; Sigma, St. Louis, Mo., USA) at 10 mg/kg of body weight.
Acute Lung Injury
IgG IC ALI was performed as previously described [16] . Briefly, following anesthesia with ketamine and xylazine, mice received 125 μg rabbit anti-bovine serum albumin antibody (MP Biomedicals, Solon, Ohio, USA) during inspiration in a volume of 30 μl saline. Then, 1 mg BSA (Sigma) was injected i.v. in 200 μl saline (sham mice received saline only i.v.). Six hours later, BALF was harvested by the slow instillation and retraction of 1 ml PBS. BALF leukocytes were enumerated on a hemocytometer following lysis of erythrocytes. Leukocyte differentials were determined by cytospin preparations stained with Wright-Giemsa (Thermo Fisher, Waltham, Mass., USA). For each sample, more than 200 cells were analyzed from random fields. The BALF was aliquoted and stored at -80 ° C until use. A useful gauge of inflammatory tissue damage during ALI is the leak of albumin from the blood into the alveolar compartment (indicating alveolar epithelial and endothelial barrier breakdown) [18] . Therefore, we used BALF albumin levels as indicators of inflammatory injury.
Blood Collection
Heparinized blood was collected from the retro-orbital venous plexus following anesthesia with isoflurane. Total nucleated cell (leukocyte) counts were determined on a hemocytometer following lysis of erythrocytes with 2% acetic acid. Leukocyte dif-
PMN Isolation
Mouse PMNs were harvested from bone marrow by flushing bilateral femurs with Hank's balanced salt solution (HBSS). Erythrocytes were lysed in hypotonic buffer. Cells were washed in HBSS and layered on Histopaque 1077 (Sigma) for density gradient centrifugation (500 g, 30 min, 4 ° C). The pellet (PMNs) was washed with HBSS prior to downstream applications. The PMN purity was 85 ± 3% (mean ± SD) and 82 ± 1% as determined by flow cytometry (Ly6G + CD11b + ) and Wright-stained cytospin preparations, respectively.
In vitro Assays and Flow Cytometry
PMNs were exposed to recombinant mouse C5a (R&D Systems, Minneapolis, Minn., USA) or phorbol 12-myristate 13-acetate (PMA; Sigma) for 1 h at 37 ° C. Cells were washed and labeled for flow cytometric analysis on a BD LSR-II flow cytometer equipped with FACSDiva software (both from BD Biosciences, San Jose, Calif., USA). Data was analyzed using FlowJo software (TreeStar, Ashland, Oreg., USA). PerCP-Cy5.5-conjugated antiLy6G (BD Biosciences), PE/Cy7-conjugated anti-CD11b (eBioscience, San Diego, Calif., USA), PE/Cy7-conjugated anti-C5aR (eBioscience), purified anti-gp91 phox (BD Biosciences), and FITCconjugated anti-mouse IgG (Jackson Immunoresearch) were used for this study. Irrelevant isotype control antibodies were used to determine the levels of nonspecific labeling. Cells with the forward and side scatter properties of PMNs were further gated on CD11b + Ly6G + cells for analysis. More than 2 × 10 4 PMNs were analyzed from each sample.
The reactive oxygen species (ROS; O 2 -) production was determined by the superoxide dismutase (SOD)-inhibitable reduction of ferricytochrome c, as described previously [8] . Briefly, PMNs (5 × 10 5 ) were incubated in HBSS with ferricytochrome c (80 μ M ) ± SOD (30 U/ml) in the presence or absence of C5a or PMA for 1 h at 37 ° C. After centrifugation, supernatants were transferred to 96-well plates and the absorbance (550 nm) was determined on a microplate reader. The amount of O 2 -production was calculated based on the molar amount of reduced ferricytochrome c in the absence or presence of SOD. The amount of O -2 generated was normalized to the percentage of PMNs in the cell preparation. Reagents for these assays were from Sigma.
ELISA
Cytokine ELISAs were from R&D Systems, and mouse albumin ELISAs were from Bethyl Laboratories (Montgomery, Tex., USA). ELISAs were performed as per the manufacturer's recommendations. Mouse albumin ELISAs do not cross-react with BSA.
Statistical Analysis
Data were expressed as means ± SEM. Data were analyzed using GraphPad Prism 6 graphing and statistical analysis software (GraphPad Inc., La Jolla, Calif., USA). Significant differences between groups were determined by one-way ANOVA followed by Dunnett's multiple comparisons tests. Where appropriate, significant differences between individual sample means were determined using Student's t test. p < 0.05 was considered statistically significant.
Results
Prolonged Suppression of IgG IC-Induced Lung Injury following CLP
We determined whether CLP alone would induce a lung inflammatory response in mice. The albumin levels (a measure of epithelial/endothelial barrier breakdown) as well as the PMN numbers in BALF were not significantly increased at any time point following CLP ( fig. 1 a) . At 0.5 and 1 h after CLP, the PMN numbers appeared to be reduced, although this did not reach statistical significance (ANOVA, p = 0.10). These data suggest that, in this CLP model, the albumin leak into the lung in both the non-CLP and the CLP groups was minimal. This is in contrast to some reports describing lung inflammation following CLP in mice [19, 20] .
To investigate the long-term effects of sepsis on the innate immune response in the lung, we developed a twohit model involving CLP-induced sepsis followed by IgG IC ALI at various time points after CLP. Twelve hours to 21 days after CLP, ALI was induced by alveolar deposition of IgG IC, and BALFs were harvested 6 h later ( fig. 1 b) . Using this model, we measured parameters of the innate inflammatory response at the indicated time points following the induction of sepsis.
To demonstrate that the IgG IC ALI model was primarily dependent on the innate response, IgG IC-induced lung inflammation was compared in wild-type mice and RAG-1 -/-mice, which lack mature T and B cells. The results showed that the albumin levels in BALF were not significantly reduced in the RAG-1 -/-mice following IgG IC deposition ( fig. 1 c) . Furthermore, the number of PMNs found in BALF was similar between wild-type and RAG-1 -/-mice (wild type: 12 ± 1.9 × 10 4 vs. RAG-1 -/-: 9 ± 0.3 × 10 4 , p = 0.21). Therefore, the IgG IC ALI model is primarily dependent on the innate inflammatory response involving PMNs and macrophages.
During IgG IC-induced ALI, the albumin levels found in BALF were significantly elevated compared to those in BALF from sham ALI animals ( fig. 1 d, as shown in the sham ALI and non-CLP groups, p < 0.005). When mice underwent IgG IC ALI following CLP, BALF albumin levels were significantly attenuated at all but one time point after CLP (day 7) compared to BALF from the non-CLP group ( fig. 1 d) . Early time points ( ≤ 3 days) after CLP showed the largest reduction in BALF albumin levels (70-90% decrease compared to the non-CLP group; fig. 1 
d).
The BALF albumin levels modestly increased at later times point but were still significantly reduced compared to the non-CLP group up to 21 days after CLP ( fig. 1 d) .
Therefore, following CLP, there was a prolonged (at least 21 days) suppression of the lung innate inflammatory response based on the albumin leak into the lung.
CLP-Induced Alterations in the Lung and Circulating PMN Numbers
PMN accumulation in the lung is a hallmark of ALI. In the IgG IC ALI model, we observed a significant increase in PMNs in BALF compared to BALF from sham mice ( fig. 2 a, compare the sham ALI and non-CLP groups, p < 0.005). CLP affected lung PMN recruitment during IgG IC ALI in a biphasic manner. Specifically, the PMN numbers in BALF from ALI mice were significantly reduced at early ( ≤ 24 h) time points following CLP ( fig. 2 a) . However, the BALF PMN numbers recovered at subsequent time points and were significantly increased 7 days after CLP. The increased numbers of PMNs in the lung may explain why inflammatory suppression was lost on day 7 after CLP ( fig. 1 d) . In addition, such an increase in PMN numbers may mask the impact of CLP-induced PMN functional defects (described in subsequent figures) on ALI. The PMN numbers in BALF returned to non-CLP levels after day 7 ( fig. 2 a) . Therefore, CLP significantly altered the PMN accumulation in the lung during IgG IC ALI.
Blood PMN numbers were determined at different time points following CLP to compare the number of circulating PMNs to the number of lung PMNs. IgG IC ALI did not significantly alter the numbers of blood PMNs af- /ml for before and after ALI (6 h), respectively; p = 0.25]. The numbers of blood PMNs were significantly reduced at early ( ≤ 24 h) time points following CLP ( fig. 2 b) . Blood PMN numbers were significantly increased compared to non-CLP numbers at 5-7 days following CLP and PMN numbers remained elevated 21 days after CLP, although the day 10 and day 15 time points did not reach statistical significance ( fig. 2 b) . Importantly, the number of BALF PMNs was positively correlated with the number of blood PMNs at different time points after CLP (p < 0.0005, r = 0.92). The levels of CXC chemokines in BALF from ALI mice were reduced by CLP at the 24-hour time point (by 52 and 51% for KC and MIP-2, respectively). However, the CXC chemokine expression was restored by day 3 after CLP (values in pg/ml for non-CLP and day 3 CLP, respectively: KC: 5,466 ± 1,015 vs. 6,186 ± 521, p = 0.49; MIP-2: 4,291 ± 340 vs. 4,480 ± 693, p = 0.79). Therefore, the reduced PMN accumulation during IgG IC ALI at early ( ≤ 24 h) time points following CLP may have been the result of the reduced availability of circulating PMNs or the reduced production of CXC chemokines during IgG IC ALI.
Granulocyte colony-stimulating factor (G-CSF) is a cytokine that stimulates granulopoiesis during homeostasis and during infection [21, 22] . Elevated levels of G-CSF may explain the surge in PMNs we observed after CLP (day 5-7; fig. 2 b) . Therefore, we measured the levels of G-CSF in plasma at different time points after CLP. The results showed that G-CSF was elevated up to 3 days after CLP; the levels were reduced thereafter ( fig. 2 c) . Thus, G-CSF likely has a role in priming granulopoiesis after CLP, as has been described in mice during endotoxemia [23] .
Prolonged Dysfunction of PMNs after CLP
While a significant reduction in BALF and blood PMNs was apparent at early time points after CLP, it does not explain the suppression of albumin leakage into the lung at later time points (>2 days after CLP) when circulating PMN numbers and lung PMN accumulation were restored and even enhanced above basal levels. We hypothesized that CLP induced PMN dysfunction at these later time points, leading to reduced inflammation and tissue damage. We chose a time point to evaluate PMN activation and the generation of ROS after CLP (3 days) in which BALF and blood PMN numbers were within the normal range ( fig. 2 ) but in which there were still significant reductions in ALI-induced albumin leakage into the lung ( fig. 1 d) . Bone marrow-derived PMNs from control (sham CLP) or CLP (day 3) mice were activated in vitro with complement anaphylatoxin C5a (1 μg/ml) or with PMA (10 ng/ml). Surface expression of the PMN activation marker CD11b was analyzed by flow cytometry. For unstimulated cells, CD11b expression was 20% lower on CLP PMNs compared to control (sham) PMNs [ fig. 3 a (left), b (unstimulated) ]. Both C5a and PMA significantly elevated the cell surface CD11b expression on both control and CLP PMNs, indicating that PMN activation occurred. However, the CD11b expression on CLP PMNs in response to C5a or PMA was reduced by 35 and 43%, respectively, compared to control (sham) PMNs ( fig. 3 a, b) . Therefore, CLP impaired PMN CD11b expression in response to C5a or PMA, indicating a defect in PMN responsiveness. Alternatively, these data may reflect the appearance of a CD11b low population of PMNs in bone marrow following CLP sepsis.
ROS is a prominent myeloid cell-derived inflammatory product during ALI. Activated PMNs, in particular, can generate large amounts of ROS which produce defects in lung epithelial/endothelial barrier function through direct cell damage and the activation of signaling pathways resulting in the disruption of cell junctional proteins and the formation of intercellular gaps [24, 25] . We analyzed ROS (O 2 -) generation in C5a-or PMAstimulated control or CLP PMNs (obtained 3 days after CLP). Both C5a and PMA induced ROS generation by control PMNs (p < 0.05). However, in response to C5a or PMA, CLP PMNs generated 58 and 60% less ROS, respectively, compared to control PMNs ( fig. 3 c) . Therefore, a prolonged defect in ROS generation occurred in bone marrow PMNs following CLP.
ROS generation by PMNs is mediated by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, which consists of a membrane-bound subunit, flavocytochrome b558 (gp91 phox and p22 phox subunits), and the cytosolic components p47 phox , p40 phox , p67 phox , and Rac2. In unstimulated PMNs, only 10-20% of the total flavocytochrome b558 is expressed on the cell surface, while most of ) surface expression could account for the dampened production of ROS observed in PMNs after CLP. Surprisingly, unstimulated PMNs from CLP mice had somewhat higher surface levels of gp91 phox compared to control PMNs ( fig. 3 d) , suggesting that a limited activation of PMNs occurred after CLP. For control (non-CLP) PMNs, treatment with C5a or PMA enhanced the surface gp91 phox expression ( fig. 3 d) . However, PMA treatment did not significantly increase the gp91 phox surface expression for CLP PMNs (p = 0.16). The gp91 phox surface expression on PMA-stimulated CLP PMNs was 30% lower than on PMA-stimulated control PMNs ( fig. 3 d) . C5a-treated CLP PMNs had a modestly lower surface expression of gp91 phox compared to C5a-treated control PMNs, but this difference did not reach statistical significance ( fig. 3 d) . Therefore, the lower surface expression of NADPH oxidase may partially explain the reduced ROS generation by bone marrow PMNs following CLP.
To determine the potential contribution of changes in C5aR expression levels on PMNs during CLP, we measured C5aR on bone marrow PMN populations. Surprisingly, the C5aR surface expression on PMNs was modestly increased 3 days after CLP ( fig. 3 e) . Therefore, the reduced PMN activation in response to C5a in vitro ( fig. 3 a-d) was not due to a decreased C5aR surface expression. Together, these results suggest that there was a prolonged defect in PMN activation and ROS generation following CLP sepsis.
Prolonged CLP-Induced Alterations in Lung Cytokines during IgG IC ALI
Alveolar macrophages are critical drivers of ALI via their production of inflammatory cytokines and chemokines. Tumor necrosis factor (TNF), IL-1β, and IL-10 are important proinflammatory (TNF and IL-1β) and antiinflammatory (IL-10) cytokines during innate inflammatory responses. We measured the levels of TNF, IL-1β, and IL-10 during IgG IC ALI in BALF from non-CLP mice and mice at different time points following CLP. During IgG IC ALI, the BALF levels of TNF, IL-1β, and IL-10 were elevated compared to those of sham ALI controls ( fig. 4 a-c , compare the sham ALI and non-CLP groups, p < 0.05).
Mice that had undergone CLP had significantly reduced levels of TNF in BALF during IgG IC ALI at almost all time points after CLP ( fig. 4 a) . No alterations in the levels of IL-1β were observed following CLP ( fig. 4 b) , suggesting that ALI did not activate the lung inflammasome under the conditions analyzed. However, the IgG IC ALI model was associated with much lower levels of IL-1β production than other models of experimental ALI [e.g. LPS-induced ALI, unpubl. obs.]. IL-10 was found at significantly higher levels in BALF during IgG IC ALI at different time points following CLP compared to the non-CLP group ( fig. 4 c) .
It is important to note that the numbers of lavageable alveolar macrophages were unchanged after CLP ( fig. 4 d) . Therefore, CLP sepsis induced long-term (at least 21 days after CLP) skewing in the cytokine milieu during ALI towards a more anti-inflammatory environment. The extreme sensitivity of IL-10 -/-mice to CLP-induced lethality precluded the use of IL-10 -/-mice to assess whether IL-10 was responsible for defects in TNF production after the induction of ALI [27] .
Endotoxemia Is Not Associated with Suppressed Lung Innate Immune Responses
Mice were rendered endotoxemic to investigate whether suppressed lung innate inflammatory responses were also present in a different model of sepsis. We used a dose of LPS (10 mg/kg of body weight) that resulted in a mortality rate (30% after 7 days) similar to that occurring in the CLP model that was used for the above studies ( fig. 5 a) . Endotoxemic (day 3 after endotoxin administration) mice had no detectable lung inflammatory response in the absence of IgG IC ( fig. 5 b, sham) . Deposition of IgG IC elevated the levels of albumin found in BALF for both control and endotoxemic mice ( fig. 5 b, compare the sham and IgG IC ALI groups, p < 0.005). Interestingly, endotoxemia did not significantly alter the levels of albumin found in BALF during IgG IC ALI ( fig. 5 b) , indicating that endotoxemia did not induce the suppression of lung innate immunity. The numbers of PMNs found in the BALF of endotoxemic mice during IgG IC ALI were significantly elevated compared to the values of control mice ( fig. 5 c) , even though the number of circulating PMNs was unchanged by endotoxemia ( fig. 5 d) . This observation may be due to an enhanced recruitment of PMNs into the lung or a reduced apoptosis of PMNs that have entered the lung. Analysis of PMN function based on CD11b levels revealed that endotoxemic (day 3) PMNs did not have activation defects ( fig. 5 e) and had only a modest reduction of respiratory burst ( fig. 5 f) . Therefore, unlike in the CLP model, endotoxemia did not induce a significant level of prolonged PMN dysfunction on day 3 after the induction of sepsis.
Similar to the CLP model, the cytokine levels found in BALF during IgG IC ALI were significantly altered by endotoxemia. Specifically, similar to the CLP model, the TNF levels in BALF were reduced by endotoxemia ( fig. 5 g) . Interestingly, the level of IL-1β was enhanced by endotoxemia ( fig. 5 h) , which was not observed in the CLP model and may explain the increased PMN accumulation in this model ( fig. 5 c) [28] . However, the level of IL-10 found in BALF was enhanced by endotoxemia ( fig. 5 i) , which was similar to the CLP model. Therefore, endotoxemia exerts both similar and distinct effects on cytokine production during IgG IC ALI as in the CLP model.
Prolonged Lymphopenia after CLP or Endotoxemia
Acute lymphopenia is a known consequence of both CLP and endotoxemia [29] . We observed a prolonged depletion of blood lymphocytes beginning 12 h after CLP and extending to at least 21 days thereafter ( fig. 6 a) . Similar results were observed after endotoxemia, where lymphopenia extended to at least 15 days after endotoxin administration ( fig. 6 b) . These results suggest that cells of the innate and adaptive immune system are differentially affected during CLP-induced sepsis and endotoxemia.
Discussion
In this report, we developed and characterized a mouse model that was utilized to investigate persistent sepsis-induced innate immune dysfunction. Previous mouse models of fungal or Gram-negative bacterial infection following CLP have revealed an increased susceptibility to infection following CLP in mice [5] [6] [7] . However, the role of acquired immunity during this infection ( P. aeruginosa in particular) model is unclear, and a recent report highlighted the role of splenocyte populations in infection pathogenesis on bone marrow PMNs isolated from control and endotoxemic (day 3) mice following in vitro incubation in the presence or absence of PMA for 1 h (n = 4 mice per group). f SOD-inhibitable O 2 -generation by bone marrow PMNs isolated from control and endotoxemic (day 3) mice treated as described in e (n = 4 mice per group). Levels of TNF ( g ), IL-1β ( h ), and IL-10 ( i ) in BALF during IgG IC ALI in control and endotoxemic (day 3) mice (n = 6 mice per group). n.s. = Not significant. following CLP [14] . Therefore, it is difficult to interpret the roles of innate and acquired immunity in this setting. Since the IgG IC ALI model is entirely dependent on innate immune cells (PMNs and alveolar macrophages), it is an appropriate model to investigate innate immune dysfunction following CLP. Furthermore, since opportunistic infections are commonly found in the lung, analyzing the innate immune response in this tissue is clinically relevant.
Previous reports investigating sepsis-induced immunosuppression have examined relatively early time points following the induction of sepsis. To our knowledge, the latest time point examined in previous studies is 7 days following CLP-induced sepsis [11] . However, we now describe impaired innate inflammatory responses extending to weeks after the onset of CLP sepsis. While the severity of impairment at these later times may not necessarily lead to life-threatening illness, it may contribute to the inability to clear acute infections and could lead to persistent health complications like the types observed in the weeks and months after sepsis in humans [4] . Inflammatory suppression following CLP likely represents the innate immune arm of the compensatory anti-inflammatory response syndrome (CARS), which describes a profound impairment of the immune system following the initial cytokine storm of the systemic inflammatory response syndrome (SIRS) in humans. Such impairment is known to render the host susceptible to opportunistic infections or an inability to clear the primary infection [30] . Understanding the effects of CARS on inflammatory cells is essential to developing novel targets for drug intervention.
The differences observed between the CLP and endotoxemia models were striking. It is important to note that endotoxemia was only studied at one time point, and other time points may have resulted in an observation of inflammatory suppression. However, the determination that both models exerted effects on lung cytokine production after 3 days and both resulted in persistent lymphopenia but only CLP induced PMN dysfunction suggests multiple pathways of immune system dysfunction. Furthermore, the preservation of the intensity of IgG IC following endotoxemia ( fig. 5 b) , even though the cytokine milieu was skewed towards a more anti-inflammatory environment ( fig. 5 g, i) , suggests that alveolar macrophage dysfunction may not be the predominant force driving the suppression of innate immunity following CLP. Instead, these results suggest that PMN dysfunction may be the primary reason for a reduced innate immune function following CLP. PMN-derived ROS is an important antimicrobial, as can be observed in patients with chronic granulomatous disease, in which phagocytes fail to produce superoxide and hydrogen peroxide due to defects in NADPH oxidase [31] . These patients are highly susceptible to infection. The loss of NADPH oxidase expression and activity that we observed following sepsis may be one cellular/ molecular mechanism of CARS and likely leaves the host susceptible to infection. We observed that ALI severity was restored on day 7 after CLP ( fig. 1 d) . However, this result may be due to the huge influx of PMNs into the lung at this time point ( fig. 2 a) . Therefore, PMN function (ROS generation, etc.) is likely to be compromised even at this time point. It will be important to investigate the duration of PMN dysfunction following sepsis.
We have observed prolonged inflammatory suppression after CLP sepsis, which mirrors what has been observed in humans with sepsis. However, whether this phenomenon applies to severe illnesses of other etiologies (e.g. severe trauma) is not yet clear. Studies in humans have demonstrated a prolonged inflammatory state, with the absence of innate immune defects following severe trauma [32] [33] [34] . Therefore, etiological differences in SIRS (e.g. sepsis vs. trauma) may impact whether an innate inflammatory dysfunction develops in humans.
In summary, we described prolonged (at least 3 weeks) suppression of the lung innate inflammatory response following CLP-induced sepsis. CLP-induced changes in circulating PMN numbers could explain the reduced lung inflammation at early time points ( ≤ 24 h) following CLP. However, later time points, in which PMN numbers were restored or even enhanced above the values of non-CLP mice, displayed a reduced lung inflammation during IgG IC ALI. Reduced inflammatory responses were associated with defects in both PMN and alveolar macrophage function following CLP. Together, these results suggest that in humans long-term innate immune dysfunction may be clinically relevant and its contributions to the increased morbidity and mortality observed following recovery from sepsis deserve further investigation.
